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Abstract
The study of peperite is important for understanding magma^water interaction and explosive hydrovolcanic
hazards. This paper reviews the processes and products of peperite genesis. Peperite is common in arc-related and
other volcano-sedimentary sequences, where it can be voluminous and dispersed widely from the parent intrusions. It
also occurs in phreatomagmatic vent-filling deposits and along contacts between sediment and intrusions, lavas and
hot volcaniclastic deposits in many environments. Peperite can often be described on the basis of juvenile clast
morphology as blocky or fluidal, but other shapes occur and mixtures of different clast shapes are also found. Magma
is dominantly fragmented by quenching, hydromagmatic explosions, magma^sediment density contrasts, and
mechanical stress as a consequence of inflation or movement of magma or lava. Magma fragmentation by fluid^fluid
shearing and surface tension effects is probably also important in fluidal peperite. Fluidisation of host sediment,
hydromagmatic explosions, forceful intrusion of magma and sediment liquefaction and shear liquification are
probably the most important mechanisms by which juvenile clasts and host sediment are mingled and dispersed.
Factors which could influence fragmentation and mingling processes include magma, host sediment and peperite
rheologies, magma injection velocity, volatile content of magma, total volumes of magma and sediment involved, total
volume of pore-water heated, presence or absence of shock waves, confining pressure and the nature of local and
regional stress fields. Sediment rheology may be affected by dewatering, compaction, cementation, vesiculation,
fracturing, fragmentation, fluidisation, liquefaction, shear liquification and melting during magma intrusion and
peperite formation. The presence of peperite intraclasts within peperite and single juvenile clasts with both sub-planar
and fluidal margins imply that peperite formation can be a multi-stage process that varies both spatially and
temporally. Mingling of juvenile clast populations, formed under different thermal and mechanical conditions,
complicates the interpretation of magma fragmentation and mingling mechanisms. 0 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction
The term ‘peperino’ was used by Scrope (1827)
to describe clastic rocks from the Limagne d’Au-
vergne region of central France that comprise
mixtures of lacustrine limestone and basalt and
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which resembled ground pepper. This area is now
considered the type locality for ‘peperite’. Scrope
(1858) interpreted the rocks as having originated
by a ‘violent and intimate union of volcanic frag-
mentary matter with limestone while yet in a soft
state’, whereas Michel-Levy (1890) more speci¢-
cally interpreted them as having formed by intru-
sion of magma into wet lime mud. The term ‘pe-
perite’ is now most commonly used to refer to
clastic rocks comprising both igneous and sedi-
mentary components, which were generated by
intrusive processes, or along the contacts of lava
£ows or hot volcaniclastic deposits with unconso-
lidated, typically wet, sediments. The intrusive
origin of the majority of the Limagne peperites
has been disputed (Kie¡er, 1970; Vincent, 1974;
De Goe«r, 2000). Jones (1969) interpreted the
rocks as the product of simultaneous deposition
of lime mud and reworked volcanic clasts, but
most of the Limagne ‘peperites’ are now inter-
preted as pyroclastic fall and base surge deposits,
which were erupted through lime mud, incorpo-
rating some of this sediment, or else were em-
placed subaqueously on lime mud (De Goe«r et
al., 1998; De Goe«r, 2000). Hence, in France the
term ‘peperite’ is commonly used in a di¡erent
sense, to apply to any rock that comprises juvenile
glassy volcanic components in a non-juvenile ma-
trix (De Goe«r, 2000). This semantic con£ict high-
lights the need for a de¢nition of ‘peperite’ that is
widely acceptable (see below and White et al.,
2000).
The study of peperite is important for several
reasons. Interaction of magma with wet sediment
or sediment-laden water is very common (McBir-
ney, 1963; Klein, 1985; Einsele, 1986; White,
1996), especially in subaqueous volcanic environ-
ments. Peperite is important because it provides
¢eld evidence for mechanisms of magma^water/
sediment interaction, including the mixing mech-
anisms that precede explosive eruptions analogous
to fuel^coolant interaction (FCI) (Zimanowski et
al., 1997). The study of peperite is particularly
relevant to understanding within-vent processes
prior to and accompanying Surtseyan or Taalian
explosions (Kokelaar, 1983, 1986). Peperite is also
important in palaeoenvironmental reconstruction
and relative chronology because its presence dem-
onstrates approximate contemporaneity of mag-
matism and sedimentation. The occurrence of pe-
perite along upper contacts of concordant igneous
bodies also helps distinguish lavas from sills
(Macdonald, 1939; Branney and Suthren, 1988;
Allen, 1992; Boulter, 1993; McPhie, 1993).
Because peperite is a by-product of intrusion
into wet sediment, it may be associated with
hydrothermal alteration and/or mineralisation.
Transfer of heat from such intrusions can a¡ect
the temperature, pressure and density of the pore
£uid, and initiate or modify £uid circulation for
long periods of time. Hydrological modeling of
£uid £ow around syn-volcanic intrusions suggests
that signi¢cant hydrothermal systems may be gen-
erated (McPhie and Orth, 1999). In addition,
there is the possibility of a direct contribution of
magmatic £uids to the pore water reservoir (De-
laney, 1982), with signi¢cant consequences for its
chemistry and mineralising potential. Thus correct
identi¢cation of peperite is crucial in locating syn-
volcanic intrusions that might prove to be eco-
nomically important.
Accounts of peperite which involve either ande-
sitic, trachytic, dacitic or rhyolitic magmas in-
clude Williams (1929), Smedes (1956), Snyder
and Fraser (1963), Bromley (1965), Williams and
Curtis (1977), Brooks et al. (1982), Hanson and
Schweickert (1982), Kokelaar (1982), Lorenz
(1984), Kokelaar et al. (1985), Leat (1985), Bran-
ney and Suthren (1988), Kano (1989, 1991), Riggs
and Busby-Spera (1990), Hanson (1991), Boulter
(1993), Hanson and Wilson (1993), McPhie
(1993), Goto (1997), Allen and Cas (1998), Busby
(1998), Cas et al. (1998), Goto and McPhie
(1998), Kano (1998), Moore (1998), Sakamoto
(1998), Hanson and Hargrove (1999), Hunns
and McPhie (1999), Coira and Pe¤rez (2002, this
volume), Donaire et al. (2002, this volume), Gif-
kins et al. (2002, this volume) and Kano (2002,
this volume). Peperite involving ma¢c intrusions
or lava is described by Lacroix and Blondel
(1927), Macdonald (1939), Smedes (1956), Wil-
shire and Hobbs (1962), Snyder and Fraser
(1963), Schmincke (1967), Korsch (1984), Walker
and Francis (1986), Busby-Spera and White
(1987), White and Busby-Spera (1987), Krynauw
et al. (1988), Leat and Thompson (1988), Sanders
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and Johnston (1989), Godchaux et al. (1992),
Rawlings (1993), Assorgia and Gimeno (1994),
Brooks (1995), Goto and McPhie (1996), Cas et
al. (1998), Skilling (1998), Rawlings et al. (1999),
Doyle (2000), Mueller et al. (2000), Corsaro and
Mazzoleni (2002, this volume), Hooten and Ort
(2002, this volume), Jerram and Stollhofen
(2002, this volume), Lorenz and Bu«ttner (2002,
this volume) and Squire and McPhie (2002, this
volume). Papers providing extended discussion of
the physical mechanisms of magma mingling with
wet sediment include Kokelaar (1982), White
(1996), Hanson and Hargrove (1999), Lorenz
and Bu«ttner (2002, this volume), Wohletz (2002,
this volume) and Zimanowski and Bu«ttner (2002,
this volume).
2. De¢nition
We concur with Brooks et al. (1982), that the
term peperite is best used in a genetic sense. White
et al. (2000) de¢ned the term as follows:
Peperite (n): a genetic term applied to a rock
formed essentially in situ by disintegration of mag-
ma intruding and mingling with unconsolidated or
poorly consolidated, typically wet sediments. The
term also refers to similar mixtures generated by
the same processes operating at the contacts of
lavas and other hot volcaniclastic deposits with
such sediments.
3. Successions containing peperite
Peperite develops in a wide variety of succes-
sions formed where magmatism and sedimenta-
tion are contemporaneous, and where the host
sediment is unconsolidated or poorly consoli-
dated, and probably wet. It is very commonly
associated with syn-volcanic intrusions in submar-
ine sedimentary sequences (Macdonald, 1939;
Snyder and Fraser, 1963; Brooks et al., 1982;
Hanson and Schweickert, 1982; Kokelaar, 1982;
Lorenz, 1984; Kokelaar et al., 1985; Busby-Spera
and White, 1987; White and Busby-Spera, 1987;
Kano, 1989, 1991, 1998; Hanson, 1991; Boulter,
1993; Hanson and Wilson, 1993; McPhie, 1993;
Rawlings, 1993; Assorgia and Gimeno, 1994;
Brooks, 1995; Goto, 1997; Busby, 1998; Goto
and McPhie, 1998; Moore, 1998; Hanson and
Hargrove, 1999; Hunns and McPhie, 1999;
Doyle, 2000, Mueller et al., 2000; Coira and Pe¤r-
ez, 2002, this volume; Dadd and Van Wagoner,
2002, this volume; Donaire et al., 2002, this vol-
ume; Gifkins et al., 2002, this volume; Kano,
2002, this volume; Squire and McPhie, 2002,
this volume). Peperite has also been described
from lacustrine successions (Cas et al., 2001),
and subaerial successions, including vent-¢lls in
phreatomagmatic volcanoes (Leat and Thomp-
son, 1988; White, 1991; Vazquez and Riggs,
1998; Hooten and Ort, 2002, this volume; Lorenz
and Bu«ttner, 2002, this volume; McClintock and
White, 2002, this volume; Zimanowski and Bu«tt-
ner, 2002, this volume), associated with lavas
(Schmincke, 1967; White, 1990; Rawlings et al.,
1999; Jerram and Stollhofen, 2002, this volume),
and at the base of pyroclastic £ow deposits (Leat,
1985; Branney, 1986).
4. Gross characteristics of peperite
The volume and geometry of peperite, its spa-
tial relationship to the parent intrusion, lava or
volcaniclastic deposit, its internal structure, and
spatial variations in texture are the gross charac-
teristics that enable discrimination of peperite
from other similar volcaniclastic rocks. Peperite
domains range in volume from less than a few
m3 for examples along contacts between sedi-
ments and intrusions, lavas and hot volcaniclastic
deposits, to several km3 (Snyder and Fraser,
1963; Hanson and Wilson, 1993). Two-dimen-
sional morphologies of peperite domains are illus-
trated in Fig. 1a, and range from irregular to lobe
or pod-like (Doyle, 2000) to sheet or dyke-like
(Snyder and Fraser, 1963; Schmincke, 1967;
Brooks et al., 1982; Kano, 1989; Godchaux et
al., 1992; Boulter, 1993; Hanson and Wilson,
1993; Hanson and Hargrove, 1999; Doyle,
2000). Peperite domains may appear intercon-
nected within the host sediment (Doyle, 2000).
Kano (1989) suggested that dyke-like bodies of
peperite were intruded along syn-sedimentary
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faults, which may have developed in poorly con-
solidated sediment during intrusion of magma.
Corsaro and Mazzoleni (2002, this volume) inter-
pret sedimentary material now occupying cores of
lava pillows as peperite formed as a result of sedi-
ment capture by rising basaltic magma at Etna.
Peperite typically has contacts that are discor-
dant to strati¢cation in the host sediment. Juve-
nile clasts in peperite commonly occur close to the
margins of the parent intrusion, lava or volcani-
clastic deposit, but can also be more widely dis-
persed within the host sediment. Hanson and Wil-
son (1993) distinguished between close-packed
peperite and dispersed peperite, with reference to
the relative proportions of juvenile clasts and host
sediment (Fig. 1a). Coherent intrusions may grade
through close-packed peperite to domains of dis-
persed peperite (Hanson and Wilson, 1993). The
distance between a coherent igneous domain and
the limit of dispersed peperite derived from it is
di⁄cult to estimate because the speci¢c parent
intrusion may not be obvious, but distances of
up to a 100 m or more are likely (Hanson and
Wilson, 1993; Hanson and Hargrove, 1999). The
maximum distance that individual clasts are trans-
ported through the host sediment is unknown.
Domains of close-packed peperite are typically
broadly parallel to the contacts of the parent in-
trusion, or lie along linear zones oblique to this
contact. Domains of dispersed peperite are com-
monly more irregular in shape.
Peperite is typically not bedded or laminated,
but juvenile clasts and/or matrix grains in the host
sediment may display a preferred orientation or
lamination, which is not present in, or di¡ers
from that of the adjacent host sediment (Busby-
Spera and White, 1987; Branney and Suthren,
1988; Brooks, 1995; Doyle, 2000). Some authors
have also recorded domains of peperite that re-
semble fold structures, adjacent to undeformed
sediments (Lorenz, 1984; Brooks, 1995). Size sort-
ing and grading of clasts within peperite have also
been recorded (Brooks et al., 1982; Brooks, 1995).
Brooks (1995) and Doyle (2000) noted a transi-
tion from peperite with coarse juvenile clasts into
one with ¢ner clasts near the contact with the
parent intrusion.
5. Characteristics of juvenile clasts
The shape, size and internal characteristics,
such as vesicularity and groundmass texture, of
juvenile clasts in peperite vary widely. Juvenile
clast morphologies are illustrated in Fig. 1b. Bus-
by-Spera and White (1987) recognised two types
of peperite, which they called blocky and £uidal,
in reference to the dominant shape of the juvenile
clasts. Peperite may also consist of a mixture of
£uidal and blocky clasts (Brooks et al., 1982; Ko-
kelaar, 1982; McPhie, 1993; Hanson and Har-
grove, 1999; Doyle, 2000; Squire and McPhie,
2002, this volume), and single clasts commonly
have both sub-planar and £uidal margins (Boult-
er, 1993; Hanson and Wilson, 1993; Hanson and
Hargrove, 1999; Doyle, 2000). Other juvenile
clast shapes have been described from peperite
(Fig. 1b) and are discussed below.
Blocky clasts are sub-equant, polyhedral to tab-
ular, with curviplanar to planar surfaces. Groups
of blocky clasts commonly display jigsaw-¢t tex-
ture, characteristic of in situ fragmentation.
Blocky peperite is described by Lacroix and Blon-
del (1927), Smedes (1956), Schmincke (1967),
Brooks et al. (1982), Hanson and Schweickert
(1982), Kokelaar (1982), Busby-Spera and White
(1987), Branney and Suthren (1988), Kano (1989),
Sanders and Johnston (1989), Hanson (1991),
Boulter (1993), Hanson and Wilson (1993), Raw-
lings (1993), Brooks (1995), Goto and McPhie
(1996, 1998), Goto (1997), Rawlings et al. (1999),
Doyle (2000), Coira and Pe¤rez (2002, this vol-
Fig. 1. Summary of (a) gross characteristics of peperite domains. Note that peperite domains are commonly developed in associa-
tion with large coherent igneous domains, and that more than one type of peperite domain may be present. Note also that the
morphology of a peperite domain and whether it appears connected to other peperite or coherent igneous domains, depends on
the orientation of the section; (b) juvenile clast morphology; (c) evidence for unconsolidated nature of host sediment; (d) juvenile
clast generation; and (e) mingling of juvenile clasts and host sediment. Note that juvenile clast generation and mingling with the
host sediment often take place simultaneously.
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ume), Dadd and Van Wagoner (2002, this vol-
ume), Jerram and Stollhofen (2002, this volume)
and Squire and McPhie (2002, this volume).
Clasts in £uidal peperite have £uidal or globular
morphology, often with complex outlines, and
range in shape from irregular (amoeboid) to glob-
ules and high aspect-ratio lobes (Smedes, 1956;
Busby-Spera and White, 1987; McPhie, 1993) to
low aspect-ratio laminae, tendrils or wisps (Lor-
enz, 1984; White and Busby-Spera, 1987; Skilling,
1998). Fluidal clasts may be connected by thin
necks (Hanson and Hargrove, 1999; Doyle,
2000), a morphology which mirrors that of larger
coherent lobes and tongues, as described below.
Fluidal clasts may be deformed around rigid
clasts in the host sediment (Brooks et al., 1982).
Fluidal peperite is described by Smedes (1956),
Snyder and Fraser (1963); Brooks et al. (1982),
Kokelaar (1982), Korsch (1984), Lorenz (1984),
Walker and Francis (1986), Busby-Spera and
White (1987), White and Busby-Spera (1987),
Branney and Suthren (1988), Riggs and Busby-
Spera (1990), Kano (1991), Boulter (1993),
McPhie (1993), Assorgia and Gimeno (1994),
Goto and McPhie (1996), Goto (1997), Rawlings
et al. (1999), Doyle (2000), Coira and Pe¤rez (2002,
this volume), Corsaro and Mazzoleni (2002, this
volume), Dadd and Van Wagoner (2002, this vol-
ume), Donaire et al. (2002, this volume), Martin
and White (2002, this volume) and McClintock
and White (2002, this volume).
Other juvenile clast shapes described from pe-
perite include platy, tapered and ragged forms.
Platy and tapered clasts are recorded by Boulter
(1993), Brooks (1995), Goto and McPhie (1996)
and Doyle (2000), and ragged clasts by McPhie
(1993) and Boulter (1993). Platy clasts are elon-
gate in section, with planar, subplanar or curvi-
planar margins, tapered clasts are elongate with
thinner ends, and ragged clasts have irregular spi-
nose margins (Fig. 1b). Brooks (1995) recorded
platy clasts that were parallel to cooling-contrac-
tion fractures in the parent intrusion. Doyle
(2000) noted that platy clasts are most abundant
in closely packed peperite. In the example de-
scribed by Goto and McPhie (1996), platy and
tapered clasts are associated with concentric
spherical fractures at the margins of a dyke. Han-
son and Hargrove (1999) recorded similar elon-
gate andesitic clasts, the long axes of which were
parallel to aligned long axes of plagioclase pheno-
crysts. Similarly, Brooks et al. (1982) described
elongate juvenile clasts in peperite, which were
fractured parallel to magmatic £ow laminae.
The vesicularity of juvenile clasts in peperite is
highly variable. Depending on the con¢ning pres-
sure, the volatile content of the parent magma
before and during mingling may be an important
factor determining peperite texture. In the exam-
ples described by Doyle (2000), dispersed peperite
commonly contained highly vesicular clasts,
which were absent in close-packed peperite. He
also described local mixing of vesicular and non-
vesicular juvenile clasts. Rawlings (1993) recorded
highly vesicular clasts that were broken along
curved fractures joining areas of maximum vesicle
content. He also noted the presence of elongate
clasts, which were fractured parallel to elongate
vesicles, and poorly vesicular clasts, which were
bounded by planar surfaces.
In some cases, juvenile clasts in peperite are
pumiceous (Hunns and McPhie, 1999; Gifkins et
al., 2002, this volume). These examples were
partly or substantially vesicular at the time of
mingling. The juvenile clasts are typically ragged
and wispy, tube-vesicle or round-vesicle pumice
fragments that show no preferred alignment. De-
velopment of highly vesicular peperite is favoured
by intrusions emplaced beneath thin wet-sediment
cover and/or in relatively shallow-water settings in
which the con¢ning pressure is su⁄ciently low to
allow signi¢cant magma vesiculation.
Large coherent igneous intrusive domains, to
tens of metres across, are commonly dispersed
within peperite or host sediment (Fig. 1b), and
are either apparently detached or appear con-
nected to a parent intrusion by narrower necks
(Snyder and Fraser, 1963; Brooks et al., 1982;
Kokelaar, 1982; Hanson, 1991; Hanson and Wil-
son, 1993; Hanson and Hargrove, 1999; Doyle,
2000). Coherent domains are often pillow-like,
tabular or tongue-like in two dimensions, may
display a preferred orientation (Snyder and Fras-
er, 1963; Dewit and Stern, 1978; Kano, 1989,
1991; Hanson and Wilson, 1993; Doyle, 2000),
and can grade into peperite domains (Hanson and
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Wilson, 1993; Doyle, 2000). They are commonly
complexly jointed in a blocky, radial, columnar or
curvicolumnar fashion, with joints or fractures
occupied by host sediment or peperite (Brooks
et al., 1982; Hanson and Wilson, 1993; Doyle,
2000). Gently curved, ¢rst-order cooling joints
are common and may intersect, outlining polyhe-
drons. Hanson and Wilson (1993) and Hanson
and Hargrove (1999) suggested that coherent
igneous domains represent major feeder conduits
that supplied magma to developing peperite do-
mains.
6. Characteristics of the host sediment
Sediment of a wide range in grain size (clay to
pebble size), composition, sorting, cohesiveness,
porosity and permeability has been recorded as
a host to peperite (Lorenz, 1984; Busby-Spera
and White, 1987; Squire and McPhie, 2002, this
volume). Processes accompanying peperite forma-
tion, discussed below, may modify original sedi-
ment characteristics. Evidence that host sediments
were unconsolidated or poorly consolidated (Fig.
1c), and most likely wet, at the time of interaction
with the magma or lava includes the scarcity of
aggregate or polycrystalline host-sediment grains,
destruction of sedimentary structures adjacent to
igneous contacts (Hanson and Schweickert, 1982;
Kokelaar, 1982; Branney and Suthren, 1988;
Kano, 1991; McPhie, 1993; Brooks, 1995; Goto
and McPhie, 1996; Dadd and Van Wagoner,
2002, this volume), vesiculated sediment (Koke-
laar, 1982; Walker and Francis, 1986; Branney
and Suthren, 1988; Sanders and Johnston, 1989;
Brooks, 1995; Skilling, 1998; Hunns and McPhie,
1999; Squire and McPhie, 2002, this volume),
sediment in vesicles or fractures in the intrusion
(Kokelaar, 1982; Brooks et al., 1982; Walker and
Francis, 1986; Branney and Suthren, 1988; Han-
son and Wilson, 1993; Brooks, 1995; Rawlings et
al., 1999; Doyle, 2000; Dadd and Van Wagoner,
2002, this volume), along hairline cracks in juve-
nile clasts (Brooks et al., 1982; Branney and Suth-
ren, 1988; Boulter, 1993), and in vesicles in juve-
nile clasts near the contact with sediment
(Branney and Suthren, 1988; Goto and McPhie,
1996; Dadd and Van Wagoner, 2002, this vol-
ume). The presence of ¢nes-depleted, massive,
pipe-like structures within peperite domains or
host sediment (Kokelaar, 1982; Busby-Spera and
White, 1987) also implies that the sediment was
unconsolidated. Sediment within peperite do-
mains may display strati¢cation that is discordant
with strati¢cation in the adjacent host sediment,
or display strati¢cation even though the adjacent
sediment is massive (Brooks et al., 1982; Branney
and Suthren, 1988; Brooks, 1995; Doyle, 2000).
Such strati¢cation may be relict original strati¢-
cation (Kokelaar, 1982; Hanson and Wilson,
1993; Brooks, 1995), be developed during in¢ltra-
tion of sediment that postdates peperite forma-
tion, or be formed during sediment £uidisation.
Sediment £uidisation is suggested by strati¢cation
which is parallel to the margins of fractures in the
parent intrusion or in juvenile clasts (Kokelaar,
1982; Branney and Suthren, 1988; Doyle, 2000).
Although wet sediment is probably essential to
form £uidal peperite, it may not be essential for
the formation of some types of blocky peperite.
Jerram and Stollhofen (2002, this volume) de-
scribe breccia comprising blocky basalt clasts in
a sandy matrix, and inferred an origin involving
dynamic interaction between basaltic lava £ows
and underlying dry aeolian sand.
7. Peperite-forming processes
Peperite formation involves disintegration or
fragmentation of magma to form juvenile clasts
and mingling of these clasts with a sediment
host. Fragmentation and mingling is probably
often simultaneous, but some juvenile clasts, par-
ticularly those generated by processes such as
quenching and autobrecciation during intrusion,
may mingle with the adjacent sediment after ini-
tial disruption. Mingling is favoured when the
density and viscosity of the magma are similar
to that of the wet sediment, at least locally at
the time of mingling (Zimanowski and Bu«ttner,
2002, this volume). Several factors may in£uence
the resulting textures, including magma rheology
(Brooks et al., 1982; McPhie, 1993; Goto and
McPhie, 1996; Dadd and Van Wagoner, 2002,
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this volume), volatile and vesicle content of the
magma (Rawlings, 1993; Hunns and McPhie,
1999; Doyle, 2000; Gifkins et al., 2002, this vol-
ume), rheology of the host sediment (Kano,
1989), grain-size, sorting, permeability and struc-
ture of the host sediment (Busby-Spera and
White, 1987; Hanson and Hargrove, 1999), mag-
ma/water mixing ratio (Busby-Spera and White,
1987), total volumes of magma and sediment
mingled, rate of magma^sediment mingling (Han-
son and Wilson, 1993), magma injection velocity,
total volume of pore water heated (Hanson and
Wilson, 1993), con¢ning pressure (Kokelaar, 1982;
White and Busby-Spera, 1987; Hanson, 1991;
Hanson and Wilson, 1993; McPhie, 1993; Coira
and Pe¤rez, 2002, this volume) and the nature
of local and regional stress ¢elds (Kano, 1989).
Most of these factors could vary spatially and
temporally during peperite generation. Brooks et
al. (1982), Goto and McPhie (1996), Doyle (2000)
and Squire and McPhie (2002, this volume) in-
ferred a change from £uidal to blocky peperite
generation with time, which they suggested was
due to an increase in magma viscosity on cooling.
8. Fragmentation of magma
Fragmentation of magma intruding wet sedi-
ment can be due to several processes, including
quenching, mechanical stress (autobrecciation),
pore-water steam explosions (including FCI-type
explosions), explosive juvenile vesiculation, shear-
ing of magma during movement of pore water
and £uidised sediment (£uid^£uid shear), surface
tension e¡ects, magma^sediment density contrasts
and £uid instabilities in vapour ¢lms (Fig. 1d).
The interpretation of fragmentation and mingling
mechanisms is complicated because single juvenile
clasts that display both £uidal and sub-planar
margins suggest that fragmentation can be mul-
ti-stage. Similarly, the fact that peperite can com-
prise a mixture of blocky and £uidal clasts or
vesicular and non-vesicular clasts implies that
clast populations that formed under di¡erent ther-
mal or mechanical conditions are commonly
mingled. Magma vesicularity, magmatic £ow band-
ing and crystal size, shape and distribution in£u-
ence juvenile clast shape in all processes of magma
fragmentation, including peperite formation.
8.1. Blocky juvenile clasts
Blocky juvenile clasts imply fragmentation of
magma in the brittle regime, giving rise to several
morphologies including blocky, platy and tapered
clasts (Fig. 1b). Brittle fragmentation may also
a¡ect earlier-formed juvenile clasts during and
after mingling. Brittle fragmentation will be fav-
oured when magma viscosity is high and/or strain
rates are high. Most blocky clasts are probably
generated by quenching and mechanical stresses,
and by hydromagmatic explosions. Quench frag-
mentation and hydromagmatic explosions require
relatively rapid transfer of magmatic heat to the
pore £uid, implying that insulating vapour ¢lms
were not developed or not sustained. Busby-Spera
and White (1987) suggested that coarse grain size,
high permeability and poor sorting of the host
sediment favour blocky clast development, be-
cause vapour ¢lms are disrupted by the presence
of large clasts which cannot be entrained within
the ¢lms. The jigsaw-¢t texture that is common in
blocky peperite, particularly close-packed peper-
ite, is widely inferred to re£ect in situ quench
fragmentation (Brooks et al., 1982; Kokelaar,
1982; Hanson and Wilson, 1993; Brooks, 1995;
Moore, 1998; Doyle, 2000). In cases where large
blocky clasts are more widely dispersed within the
host sediment (Brooks et al., 1982; Busby-Spera
and White, 1987; Hanson and Hargrove, 1999), it
is possible that hydromagmatic explosions oper-
ated, although foundering of dense igneous clasts
within low-strength sediment may also be signi¢-
cant. Hanson and Wilson (1993) suggested that
blocky juvenile clasts were formed by quench
fragmentation along intrusion margins, and were
later dispersed within the host sediment by a non-
explosive process.
8.2. Fluidal juvenile clasts
Fluidal juvenile clasts are fragmented in the
ductile regime. At present, the only plausible ex-
planation for this process is that vapour ¢lms
along magma^sediment contacts prevented direct
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contact with the pore £uid. It is not clear how
vapour ¢lms remain stable during intricate min-
gling and complex deformation of magma clasts.
Processes inferred to give rise to £uidal clasts in-
clude £uid instabilities within vapour ¢lms (Woh-
letz, 1983), magma^sediment density contrasts
(Donaire et al., 2002, this volume), host sediment
vesiculation (Skilling, 1998) and hydromagmatic
explosions (Busby-Spera and White, 1987). Sur-
face tension and £uid^£uid shearing at the inter-
faces of mingling magma and £uidally behaving
sediment must also promote fragmentation
(Fig. 1d).
Most examples of £uidal peperite described in
the literature involve ma¢c to intermediate mag-
mas. Examples involving felsic magmas imply
much lower viscosities than are typical for these
compositions. Lower viscosities could be due to
emplacement at high pressures that foster reten-
tion of water in the melt (Kokelaar, 1982; Han-
son, 1991; McPhie, 1993), but could also arise as
a consequence of high concentrations of compo-
nents that could cause depolymerisation, such as
alkalis or halogens. Kokelaar (1982) suggested
that £uidal intrusion of magma into wet sediment
is accompanied by £uidisation of host sediment in
vapour ¢lms along magma^sediment contacts.
This type of £uidisation, and hence formation of
£uidal peperite, is most e⁄cient in ¢ne-grained,
well-sorted and loosely packed sediments (Bus-
by-Spera and White, 1987; McPhie, 1993; Han-
son and Hargrove, 1999).
8.3. Ragged juvenile clasts
The occurrence of ragged juvenile clasts in
pumiceous peperite suggests that their generation
may be favoured by actively vesiculating silicic
magma (Hunns and McPhie, 1999; Gifkins et
al., 2002, this volume). However, clasts with
ragged forms have also been interpreted as having
formed during non-explosive mixing of poorly ve-
sicular basaltic magma with sediment, following
slumping of peperite debris extruded at the sur-
face (Lorenz, 1984; White and Busby-Spera,
1987). A ragged spinose morphology suggests
ductile fragmentation under conditions close to
the glass transition temperature.
9. Mingling of juvenile clasts and host sediment
Mingling of juvenile clasts and host sediment is
promoted by £uidisation of sediment, forceful in-
trusion of magma, hydromagmatic explosions,
magma^sediment density contrasts and sediment
liquefaction and liqui¢cation (Fig. 1e).
9.1. Sediment £uidisation
In peperite studies, the term ‘£uidisation’ has
not been used in the strict sense to refer to particle
support by an upward-moving £uid (Davidson et
al., 1985), but rather to particle support and
transport by a £uid moving in any direction. Flu-
idisation of host sediment, in this sense, is prob-
ably an important process accompanying intru-
sion of magma into wet sediment, and probably
gives rise to mingling of sediment and juvenile
components. Kokelaar (1982) suggested that pro-
longed heating of pore water in the host sedi-
ments could result in sustained large-volume £uid-
isation, whereas pressure release during the
opening of fractures would generate short-lived,
low-volume £uidisation. Large-volume £uidisa-
tion probably requires sustained in£ux of large
volumes of magma. The main evidence cited for
sediment £uidisation in peperite formation is the
presence of narrow, often localised, zones along
igneous-sediment contacts where destruction of
original sediment textures has taken place (Koke-
laar, 1982; Kano, 1989, 1991; McPhie, 1993;
Goto and McPhie, 1996; Hanson and Hargrove,
1999; Dadd and Van Wagoner, 2002, this vol-
ume). Kokelaar (1982) also noted large slabs of
sediment along these contacts, and inferred that
they were transported by £uidised £ows.
Evidence for low-volume £uidisation of sedi-
ment during peperite generation includes the pres-
ence of ¢nes-depleted pipe-like structures in pe-
perite or host sediment (Kokelaar, 1982; Busby-
Spera and White, 1987). Such structures range
from sub-mm to dm in size and are perhaps
best developed in areas close to the intrusive con-
tacts (Busby-Spera and White, 1987). Mobility of
host sediment during peperite formation is also
demonstrated by the presence of sediment ¢lling
fractures or joints in the parent intrusion (Mac-
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donald, 1939; Kokelaar, 1982; Brooks et al.,
1982; Walker and Francis, 1986; Branney and
Suthren, 1988; Hanson and Wilson, 1993; Brooks,
1995; Doyle, 2000), invading hairline cracks in
juvenile clasts (Brooks et al., 1982; Boulter,
1993), ¢lling vesicles in juvenile clasts near the
contact with sediment (Goto and McPhie, 1996;
Dadd and Van Wagoner, 2002, this volume). Mo-
bilised sediment can also invade syn-sedimentary
faults in the host sediment (Kano, 1989). Goto
and McPhie (1996) noted that the in¢lling sedi-
ment is often ¢ner than the bulk of the host sedi-
ment. Sediment within cracks commonly displays
laminae parallel to the crack margins (Branney
and Suthren, 1988; Brooks, 1995).
9.2. Hydromagmatic explosions
Sub-surface hydromagmatic explosions have
been inferred to occur during peperite formation
(Busby-Spera and White, 1987; Branney and
Suthren, 1988; Boulter, 1993; Hanson and Har-
grove, 1999; Dadd and Van Wagoner, 2002, this
volume) to account for domains in which juvenile
clasts are widely dispersed in the host sediment.
Blocky juvenile clasts in peperite domains en-
closed within an intrusion (Branney and Suthren,
1988; Brooks, 1995) may have formed by small
steam explosions of the bulk-interaction type (Ko-
kelaar, 1986), but could also arise from quenching
and/or mechanical stressing of chilled margins
during envelopment of the sediment.
Con¢ning pressure is an important in£uence on
the occurrence of hydromagmatic explosions (Ko-
kelaar, 1986). The limiting con¢ning pressure for
explosions is poorly constrained for sediment^£u-
id mixtures, but must be lower than the critical
pressure for sediment-free water. Explosions are
probably most common along intrusive contacts,
but may also occur during mingling. They are
unlikely to give rise to large-volume dispersed pe-
perite, because they are not sustainable, although
prolonged mingling might generate multiple ex-
plosions that collectively a¡ect substantial vol-
umes. Explosions are more likely to occur during
initial intrusion of magma, when the heat transfer
and volatile-release rates are highest. Later explo-
sions could give rise to further fragmentation and
mingling in areas of pre-existing peperite. The
in£uence of peperite formation on larger-scale
phreatomagmatic explosions is discussed later.
9.3. Other mechanisms
Mingling may also be driven by forceful intru-
sion of magma, magma^sediment density con-
trasts and soft sediment deformation processes,
including sediment liquefaction and shear liqui¢-
cation (discussed below, Fig. 1e), but the relative
importance of these processes is not clear. Do-
naire et al. (2002, this volume) describe £uidal
rhyolitic peperite that they suggest was generated
by buoyant rising of vesiculating rhyolite globules
through the host sediment. The observation that
peperite is better developed or restricted to either
the upper contacts (McPhie, 1993; Brooks, 1995;
Doyle, 2000) or basal contacts (Brooks et al.,
1982; Kokelaar, 1982; White and Busby-Spera,
1987) of sills suggests that magma^sediment den-
sity contrasts are an important control on min-
gling, at least in these contact areas. Similarly,
Leat (1985) noted that peperite was developed
only where a densely welded pyroclastic £ow de-
posit was underlain by a low-density pumiceous
fallout deposit, and was absent where underlain
by denser deposits.
Fluidisation of sediment requires water or va-
pour movement su⁄cient to support the host-
sediment grains, and su⁄ciently good sorting of
the host to prevent bubbling or localisation of the
£ow into elutriation pipes. For poorly sorted or
cohesive sediments, £uidisation is di⁄cult to
achieve, but these sediments are susceptible to dis-
ruption of initial loose packing, and the genera-
tion of a £uidally deforming mass in which the
grains are not just supported by a £uid that is
moving past them, but are entrained or £ow as
a complex two-phase £uid. This process may be
initiated by liquefaction, as a consequence of cy-
clic shear stress and/or shear liqui¢cation, as a
result of a unidirectional shear stress (Fig. 1e,
and Nichols, 1985). Zimanowski and Bu«ttner
(2002, this volume) termed the sediment-bearing
£uid that interacts with a melt under experimental
conditions a ‘lique¢ed’ system on this basis. The
failure and mixing of magma with clay-rich sedi-
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ments reported by Lorenz (1984) was probably a
liquefaction or shear liqui¢cation controlled mag-
ma^sediment interaction. Liquefaction and shear
liqui¢cation could be induced by seismic activity,
physical jostling of sediment during magma intru-
sion and adjacent peperite formation, or by shock
waves from explosions. Eruptions during peperite
development would also have the potential to
liquefy adjacent host sediment.
10. Thermal and mechanical e¡ects on host
sediment
Magma intrusion and associated peperite gene-
sis can result in local dewatering, textural homog-
enisation, vesiculation, £uidisation, liquefaction,
shear liqui¢cation, compaction, folding, contact
metamorphism, cementation, fracturing, fragmen-
tation, alteration and melting of the host sedi-
ment. The precise timing of these e¡ects is rarely
clear. If they predate or accompany mingling,
then they will in£uence the nature of peperite
formed, as they modify the grain size, permeabil-
ity, porosity and hence rheology of the sediment.
Extensive contact metamorphism, cementation
and some types of alteration will prevent peperite
formation. However, if the e¡ects are localised or
a¡ect only certain components within the sedi-
ment, then peperite formation may still occur.
Hanson and Schweickert (1982) recorded evidence
of early local lithi¢cation of siliceous sediment
prior to peperite formation. Brooks et al. (1982)
noted that peperite was developed only locally
along the contact between an andesite sill and
chert, and suggested that dewatering of the chert
locally took place prior to peperite generation.
Carbonates, Fe-oxides and silica occurring along
the contacts of juvenile clasts and host sediment
(Wilshire and Hobbs, 1962; Kokelaar, 1982;
Walker and Francis, 1986; Rawlings, 1993;
Squire and McPhie, 2002, this volume) may be
related to hydrothermal alteration during and
after peperite genesis.
Locally consolidated host sediment may also be
fractured during peperite genesis, as shown by the
fact that angular clasts of host sediment occur in
some peperites (Macdonald, 1939; Brooks et al.,
1982; Kokelaar, 1982; Kokelaar et al., 1985).
McClintock and White (2002, this volume) de-
scribe a peperite developed at the contact of ba-
salt with coal in an intra-vent setting. The coal
was ¢nely fragmented during intrusion, and a
slurry of coal fragments was mingled with basalt
to form a peperite. In addition, coal is thermally
unstable, and at small scales there is evidence that
the coal softened su⁄ciently in response to heat-
ing to allow mm-scale mutual injection of £uidal
basalt into coal and vice versa.
Clasts of earlier formed peperite also occur in
some peperite (Cas et al., 1998). Hanson and
Schweickert (1982) recorded brittle fractures in
host sediment which had been locally silici¢ed.
Fragile clasts, such as pumice, in the host sedi-
ment may be easily fragmented. Leat (1985) de-
scribes an airfall pumice lapilli deposit in which
the lapilli were ¢nely fragmented during mingling
with an overlying pyroclastic £ow.
Fusion, partial fusion and moulding of some
host sediments prior to and during peperite gen-
eration can occur (Schmincke, 1967; Ito et al.,
1984; Yamamoto et al., 1991; McPhie and
Hunns, 1995; WoldeGabriel et al., 1999; Martin
and White, 2002, this volume). A particularly in-
teresting example of sediment fusion is associated
both with magma^sediment mingling, forming pe-
perite, and a subaqueous phreatomagmatic erup-
tion (Yamamoto et al., 1991). In this example, a
shallow basaltic intrusion was emplaced into
pumiceous sediment just below the sea£oor. The
sediment was annealed, locally remelted to form
silicic pumice, and then caught up in a series of
phreatomagmatic explosions triggered by with-
drawal of magma and consequent inrush of sea-
water.
Vesiculation of sediment has been described by
several authors (see references above). It is impor-
tant, as it is the only unequivocal evidence for the
generation of a gas phase in the sediment during
peperite formation. Vesiculation can be restricted
to certain areas, such as close to the intrusion
(Kokelaar, 1982), parallel to laminae or beds in
the host sediment (Brooks, 1995) or within sedi-
ment clasts in the igneous component (Walker
and Francis, 1986). Vesicles in sediment are un-
common however, or not commonly preserved,
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even in very ¢ne-grained sediment (Busby-Spera
and White, 1987). Several authors record soft-
sediment deformation of the host sediment along
or close to the contact with peperite and/or the
intrusion (Brooks et al., 1982; Hanson and
Schweickert, 1982; Kokelaar, 1982; Lorenz,
1984; Du⁄eld et al., 1986; Walker and Francis,
1986; Krynauw et al., 1988; Kano, 1989; Brooks,
1995). Such deformation could be due to many
processes, including sediment £uidisation, lique-
faction, shear liqui¢cation and di¡erential com-
paction, forceful intrusion (Du⁄eld et al., 1986;
Krynauw et al., 1988; Kano, 1989), explosions,
and seismic or eruptive activity. Brooks (1995)
attributed the origin of folds in host sediments
adjacent to peperite to dispersal during peperite
genesis of large juvenile lithic blocks near the con-
tact, rather than to forceful intrusion of magma.
11. Peperite and large-scale explosive magma^
water interaction
Peperite has implications for large-scale explo-
sive magma^water interaction. Busby-Spera and
White (1987) noted that intimately mixed ‘micro-
globular’ (mm-scale £uidal juvenile clasts) peper-
ite may represent an arrested FCI.
In addition to mixing ratios of magma with
water or sediment-laden water, there are a num-
ber of other factors that control whether magma^
sediment mingling escalates to produce signi¢cant
phreatomagmatic explosions of FCI-type. Perhaps
the most signi¢cant in volcanic environments are
the typical inhomogeneity in terms of grain size,
water content, temperature and other physical
properties of the host, and the partially con¢ned
nature of vents with rigid walls. Events that may
trigger phreatomagmatic explosions include volca-
notectonic earthquakes at depth, local explosion-
generated shocks from elsewhere in the vent, and
jolts resulting from collapse and impact of spal-
ling wall rock into the upper vent. All of these
factors increase the likelihood that mingling of
magma with a clastic host within active volcanic
vents will result in explosive interactions (White,
1991, 1996; Morrissey et al., 1999; Wohletz, 2002,
this volume). Peperite may be preserved only
along the margins of closing-stage intrusions
that enter the vent after most eruptions have
ceased.
12. Erupted and redeposited equivalents of peperite
Some authors have inferred that some mass-
£ow deposits associated with peperite represent
its erupted equivalent, or have been resedimented
from its erupted equivalent (Lorenz, 1984; White
and Busby-Spera, 1987; Leat and Thompson,
1988; Sanders and Johnston, 1989; Hanson,
1991; Boulter, 1993; Hanson and Wilson, 1993).
Lorenz (1984), White and Busby-Spera (1987),
Hanson (1991), Boulter (1993) and Hanson and
Wilson (1993) interpreted such deposits as grav-
ity-driven mass £ows derived from extruded pe-
perite debris that had been extruded or exposed
by slumping. Sanders and Johnston (1989) specu-
lated that similar deposits were mass £ows which
were directly fed from e¡usive eruptions of mixed
sediment and magma. Leat and Thompson (1988)
described massive, poorly sorted deposits com-
prising mixtures of juvenile components and
non-juvenile sediment, which were erupted from
phreatomagmatic vents. They discussed a number
of possible explosive and e¡usive origins for their
deposits, including deposition from pyroclastic
£ows, Surtseyan-like jets and e¡usive or poorly
in£ated slurries. It is clearly possible for subsur-
face mixtures of juvenile clasts, sediment and
water or steam to erupt, but the importance of
such deposits in the rock record is not clear,
although Boulter (1993) speculated that they
form the dominant kind of volcaniclastic facies
in the Iberian Pyrite Belt at Rio Tinto, Spain.
Although the existing terminology is inadequate
to describe such deposits, we suggest that the term
‘peperite’ is inappropriate. The extension of ‘pe-
perite’ to include these facies is misleading and
blurs the distinction between peperite and other
mixtures of igneous and sedimentary components,
such as those produced by many phreatomag-
matic eruptions. We suggest naming such deposits
by their emplacement process with an indication
of a peperite source (White et al., 2000), e.g. ‘pe-
perite-fed debris £ow deposits’.
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13. Identi¢cation of peperite
If the term ‘peperite’ is to be used in the genetic
sense de¢ned above, then we must be able to dis-
tinguish it from texturally similar rocks produced
by other processes. During initial ¢eld studies,
and if there is any doubt about the interpretation,
descriptive terminology is preferable. Unequivocal
interpretation usually requires detailed study of
areas with good three-dimensional outcrop. Fa-
cies which are texturally similar to peperite but
which result from other processes may be di⁄cult
to distinguish, especially in the case of blocky
peperite. Processes such as water-settling of juve-
nile pyroclasts contemporaneous with deposition
of other sediments, resedimentation of volcani-
clastic deposits by mass £ows, and in¢ltration of
sediment into volcaniclastic deposits can all pro-
duce mixtures of igneous clasts and sediment that
resemble peperite (Branney and Suthren, 1988).
However, in these facies there will be no evidence
of partial £uidisation of the sediment, contact
metamorphism or sediment vesiculation. Massive
facies resulting from other processes such as py-
roclastic fallout of juvenile clasts into unconsoli-
dated sediment, mixing of juvenile and non-juve-
nile clasts in base surges and pyroclastic £ows,
and syn-eruptive or post-eruptive collapse of lavas
or domes emplaced onto unconsolidated sediment
may be more di⁄cult to distinguish. Especially
challenging are cases where both the host sedi-
ment and the juvenile clasts are glassy and of
similar composition, grain size and morphology.
In ancient rocks, it may also be di⁄cult to distin-
guish blocky/angular clasts generated by tectonic
processes or by fracture-controlled alteration
from those generated during blocky peperite for-
mation (Allen, 1992; McPhie et al., 1993).
14. Unresolved questions
Several aspects of peperite and its genesis are
poorly understood, including the gross morphol-
ogy of large peperite domains, the processes that
cause wide dispersal of juvenile clasts, maximum
dispersal distances, magma and sediment rheology
during mingling, the factors that in£uence juvenile
clast size and shape, the relative importance of
fragmentation accompanying mingling compared
to fragmentation along the contacts of the intru-
sions or lavas, and how vapour ¢lms remain sta-
ble during complex deformation of £uidal mag-
ma. The duration of mingling is also unclear,
but the occurrence of peperite intraclasts within
peperite, and the mixing of di¡erent juvenile clast
populations, imply that peperite formation is
commonly not a single simple event.
Other unresolved questions include whether or
not sediment pore water is an essential component
(Jerram and Stollhofen, 2002, this volume), and
the e¡ects on peperite genesis of con¢ning pres-
sure, magma supply rate, volatile and vesicle con-
tent of magma, magma/wet-sediment mixing ratio
(Hooten and Ort, 2002, this volume), total volumes
of magma and sediment mixed, rate of magma^
sediment mixing, the nature of local and regional
stress ¢elds, and the total volume of pore water
heated at any one time. Further detailed ¢eld stud-
ies, experimental studies relevant to peperite gene-
sis (Wohletz, 2002, this volume; Zimanowski and
Bu«ttner, 2002, this volume) and theoretical studies
of magma interaction with sediment-bearing cool-
ants (White, 1996) will help answer these questions.
The feasibility of subsurface convection of pore
£uid, entraining sediment and juvenile clasts, and
giving rise to mingling has not been addressed. It
should be considered, particularly in cases involv-
ing interaction between sediment and large vol-
umes of magma, with sustained high tempera-
tures, for example during magma passage
through wet and initially highly permeable sedi-
ment. Peperite also requires study in a broader
context. The role of sub-surface magma^sediment
mingling in large-scale phreatomagmatic erup-
tions has received little attention. Fluidal peperite,
erupted equivalents of peperite, and the products
of many Surtseyan and Taalian explosions, may
represent a continuum, the study of which will
advance our understanding of explosive hydro-
magmatic interaction.
15. Summary
The study of peperite has provided important
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insights into processes accompanying magma^
water and magma^sediment interaction. Peperite
can occur in any environment where magmatism
and sedimentation are contemporaneous or
broadly contemporaneous. Peperite domains
range in volume from less than a few m3, for
example along contacts between sediment and
small intrusions, lavas and hot volcaniclastic de-
posits, to several km3 for examples described from
thick volcano-sedimentary sequences. Juvenile
clasts in peperite can occur close to the margins
of their igneous parent, or be more widely dis-
persed within the host sediment. Peperite associ-
ated with intrusions is typically not stratiform and
not bedded, typically discordant to bedding in the
host, and often gradational to a parent intrusion.
Juvenile clasts can be subdivided into blocky
and £uidal morphologies, but mixed populations
are common, and tapered or ragged clasts also
occur. Juvenile clasts are generated by quenching,
hydromagmatic steam explosions, magma^sedi-
ment density contrasts, mechanical stress due to
movement of magma or lava beneath a chilled
crust, £uid^£uid shearing and surface tension ef-
fects. Juvenile clasts have igneous textures, are
typically glassy or partly glassy and may display
jigsaw-¢t texture, implying in situ fragmentation.
Mechanisms leading to mingling of juvenile clasts
and sediment include £uidisation of pore £uid,
sediment liquefaction and liqui¢cation, hydro-
magmatic steam explosions, magma^sediment
density contrasts and forceful intrusion of mag-
ma. The host sediment in peperite commonly dis-
plays localized destruction or distortion of origi-
nal sedimentary structures. This observation and
other features, including the occurrence of vesicles
in sediment and the presence of host sediment
along hairline cracks and in vesicles in the lava
or intrusion imply that the sediment was uncon-
solidated, and probably wet at the time of peper-
ite formation. Processes of £uidisation, liquefac-
tion, shear liqui¢cation, dewatering, compaction,
vesiculation, alteration, induration and melting
can occur during magma^sediment interaction
and will in£uence sediment rheology. Peperite for-
mation can be a complex multi-stage process that
varies both spatially and temporally. Several fun-
damental aspects of peperite generation are not
understood and additional ¢eld, experimental
and theoretical studies are required.
References
Allen, R.L., 1992. Reconstruction of the tectonic, volcanic and
sedimentary setting of strongly deformed Zn^Cu massive
sul¢de deposits at Benambra, Victoria, Australia. Econ.
Geol. 87, 825^854.
Allen, S.R., Cas, R.A.F., 1998. Mixing of ignimbrite and un-
consolidated mud during emplacement of the Kos Plateau
Tu¡. IAVCEI Int. Volcanol. Congress, Cape Town, Ab-
stracts, p. 2.
Assorgia, A., Gimeno, D., 1994. Coeval genesis of pillow lava
on the sea £oor and under a thin cover of unlithi¢ed sedi-
ments (and associated formation of peperites). Geol. Mijn-
bouw 72, 363^373.
Boulter, C.A., 1993. High-level peperitic sills at Rio Tinto,
Spain: implications for stratigraphy and mineralization.
Trans. Inst. Min. Metall. 102, B30^B38.
Branney, M., 1986. Isolated pods of subaqueous welded ash-
£ow tu¡: a distal facies of the Capel Curig Volcanic For-
mation (Ordovician), North Wales. Geol. Mag. 123, 589^
590.
Branney, M., Suthren, R., 1988. High-level peperitic sills in the
English Lake District: distinction from block lavas, and
implications for Borrowdale Volcanic Group stratigraphy.
Geol. J. 23, 171^187.
Bromley, A.V., 1965. Intrusive quartz latites in the Blaenau
Ffestiniog area. Merioneth. Geol. J. 23, 171^187.
Brooks, E.R., Wood, M.M., Garbutt, P., L, 1982. Origin and
metamorphism of peperite and associated rocks in the De-
vonian Elwell Formation, northern Sierra Nevada, Califor-
nia. Geol. Soc. Am. Bull. 93, 1208^1231.
Brooks, E.R., 1995. Palaeozoic £uidization, folding and peper-
ite formation, northern Sierra Nevada, California. Can.
J. Earth. Sci. 32, 314^324.
Busby, C.J., 1998. Prevalence of peperitic sills of lava £ows in
marine arc-rift settings. IAVCEI Int. Volcanol. Congress,
Cape Town, Abstracts, p. 10.
Busby-Spera, C.J., White, J.D.L., 1987. Variation in peperite
textures associated with di¡ering host^sediment properties.
Bull. Volcanol. 49, 765^775.
Cas, R.A.F., Edgar, C., Scutter, C., 1998. Peperites of the Late
Devonian Bunga Beds, southeastern Australia: a record of
syn-depositional high-level intrusion, dome emergence and
resedimentation. IAVCEI Int. Volcanol. Congress, Cape
Town, Abstracts, p. 11.
Cas, R.A.F., Edgar, C., Allen, R.L., Bull, S., Cli¡ord, B.A.,
Giordano, G., Wright, J.V., 2001. In£uence of magmatism
and tectonics on sedimentation in an extensional lake basin:
the Upper Devonian Bunga Beds, Boyd Volcanic Complex,
southeastern Australia. In: White, J.D.L., Riggs, N.R.
(Eds.), Volcaniclastic Sedimentation in Lacustrine Settings,
Int. Assoc. Sediment. Spec. Publ. 30, 83^108.
VOLGEO 2387 22-5-02
I.P. Skilling et al. / Journal of Volcanology and Geothermal Research 114 (2002) 1^1714
Coira, B., Pe¤rez, B., 2002. Peperitic textures of Ordovician
dacitic synsedimentary intrusions in Argentina’s Puna High-
land: clues to emplacement conditions. In: Skilling, I.P.,
White, J.D.L., McPhie, J. (Eds.), Peperite: Processes and
Products of Magma^Sediment Mingling. J. Volcanol. Geo-
therm. Res. 114, 165^180.
Corsaro, R.A., Mazzoleni, P., 2002. Textural evidence of pe-
perites inside pillow lavas at Acicastello Castle Rock (Mt.
Etna, Sicily). In: Skilling, I.P., White, J.D.L. and McPhie, J.
(Eds.), Peperite: Processes and Products of Magma^Sedi-
ment Mingling. J. Volcanol. Geotherm. Res. 114, 219^229.
Dadd, K.A., Van Wagoner, N.A., 2002. Magma composition
and viscosity as controls on peperite texture: an example
from Passamaquoddy Bay, southeastern Canada. In: Skil-
ling, I.P., White, J.D.L., McPhie, J. (Eds.), Peperite: Pro-
cesses and Products of Magma^Sediment Mingling. J. Vol-
canol. Geotherm. Res. 114, 63^80.
Davidson, J.F., Clift, R., Harrison, D. (Eds.), 1985. Fluidiza-
tion. Academic Press, London, 733 pp.
De Goe«r, A., Vincent, P., Camus, G., 1998. Must we still use
the term ‘peperite’? A review of the type peperites of Scrope,
in Limagne, France. IAVCEI Int. Volcanol. Congress, Cape
Town, Abstracts, p. 16.
De Goe«r, A., 2000. Peperites from the Limagne trench (Au-
vergne, French Massif Central): a distinctive facies of phrea-
tomagmatic pyroclastics. History of a semantic drift. In:
Leyrit, H., Montenat, C. (Eds.), Volcaniclastic Rocks
From Magmas to Sediments. Gordon and Breach Science
Publishers, Amsterdam, 91^110.
Delaney, P.T., 1982. Rapid intrusion of magma into wet rock:
groundwater £ow due to pore pressure increases. J. Geo-
phys. Res. 87, 7739^7756.
Dewit, M.J., Stern, C., 1978. Pillow talk. J. Volcanol. Geo-
therm. Res. 4, 55^80.
Donaire, T., Sa¤ez, R., Pascual, E., 2002. Rhyolitic globular
peperites from the Aznalcollar mining district (Iberian Pyrite
belt, Spain): physical and chemical controls. In: Skilling,
I.P., White, J.D.L. and McPhie, J. (Eds.), Peperite: Process-
es and Products of Magma^Sediment Mingling. J. Volcanol.
Geotherm. Res. 114, 119^128.
Doyle, M.G., 2000. Clast shape and textural associations in
peperite as a guide to hydromagmatic interactions: Upper
Permian basaltic and basaltic andesite examples from Kia-
ma, Australia. Aust. J. Earth Sci. 47, 167^177.
Du⁄eld, W.A., Bacon, C.R., Delaney, P.T., 1986. Deforma-
tion of poorly consolidated sediment during regional shal-
low emplacement of a basalt sill, Coso Range, California.
Bull. Volcanol. 48, 97^106.
Einsele, G., 1986. Interaction between sediments and basaltic
injections in young Gulf of California-type spreading cen-
ters. Geol. Rundschau 75, 197^208.
Gifkins, C.C., McPhie, J., Allen, R.L., 2002. Pumiceous peper-
ite in ancient submarine volcanic successions. In: Skilling,
I.P., White, J.D.L., McPhie, J. (Eds.), Peperite: processes
and products of magma^sediment mingling. J. Volcanol.
Geotherm. Res. 114, 181^203.
Godchaux, M., Bonnichsen, B., Jenks, M.D., 1992. Types of
phreatomagmatic volcanoes in the western Snake River
Plain, Idaho, USA. J. Volcanol. Geotherm. Res. 52, 1^25.
Goto, Y., 1997. Interlayered sill-sediment structure at the base
of a Miocene basaltic andesite sheet intrusion, Rebun Island,
Hokkaido, Japan. J. Mineral. Petrol. Econ. Geol. 92, 509^
520.
Goto, Y., McPhie, J., 1996. A Miocene basanite peperitic dyke
at Stanley, northwestern Tasmania, Australia. J. Volcanol.
Geotherm. Res. 74, 111^120.
Goto, Y., McPhie, J., 1998. Endogenous growth of a Miocene
submarine dacite cryptodome, Rebun Island, Hokkaido, Ja-
pan. J. Volcanol. Geotherm. Res. 84, 273^286.
Hanson, R.E., Schweickert, R.A., 1982. Chilling and breccia-
tion of a Devonian rhyolitic sill intruded into wet sediments,
northern Sierra Nevada, California. J. Geol. 90, 717^724.
Hanson, R.E., 1991. Quenching and hydroclastic disruption of
andesitic to rhyolitic intrusions in a submarine island-arc
sequence, northern Sierra Nevada, California. Geol. Soc.
Am. Bull. 103, 804^816.
Hanson, R.E., Hargrove, U.S., 1999. Processes of magma/wet
sediment interaction in a large-scale Jurassic andesitic peper-
ite complex, northern Sierra Nevada, California.. Bull. Vol-
canol. 60, 610^626.
Hanson, R.E., Wilson, T.J., 1993. Large-scale rhyolitic peper-
ites (Jurassic, southern Chile). J. Volcanol. Geotherm. Res.
54, 247^264.
Hooten, J.A., Ort, M.H., 2002. Peperite as a record of early
stage phreatomagmatic fragmentation processes: an example
from the Hopi Buttes volcanic ¢eld, Navajo Nation, Arizo-
na, USA. In: Skilling, I.P., White, J.D.L., McPhie, J. (Eds.),
Peperite: Processes and Products of Magma^Sediment Min-
gling. J. Volcanol. Geotherm. Res. 114, 95^106.
Hunns, S.R., McPhie, J., 1999. Pumiceous peperite in a sub-
marine volcanic succession at Mount Chalmers, Queensland,
Australia. J. Volcanol. Geotherm. Res. 88, 239^254.
Ito, T., Matsumoto, R., Kano, K., Sakuyama, M., 1984. Weld-
ing of acidic tu¡ and altered rhyolite fragments caused by
the intrusion of magma: examples in the Neogene Shiraha-
ma Group in the southern part of the Izu Peninsula, central
Japan. J. Geol. Soc. Jpn. 90, 763^774.
Jerram, D., Stollhofen, H., 2002. Lava/sediment interaction in
desert settings: are all peperite-like textures the result of
magma-water interaction? In: Skilling, I.P., White, J.D.L.,
McPhie, J. (Eds.), Peperite: Processes and Products of Mag-
ma^Sediment Mingling. J. Volcanol. Geotherm. Res. 114,
231^249.
Jones, J.G., 1969. A lacustrine volcano of Central France and
the nature of peperites. Proc. Geol. Assoc. 80, 177^188.
Kano, K., 1989. Interactions between andesitic magma and
poorly consolidated sediments: examples in the Neogene
Shirahama Group, south Izu, Japan. J. Volcanol. Geotherm.
Res. 37, 59^75.
Kano, K., 1991. Miocene pillowed sills in the Shimane Penin-
sula, SW Japan. J. Volcanol. Geotherm. Res. 48, 359^366.
Kano, K., 1998. Explosion of volcaniclastic sediments by an-
desite dike intrusion. IAVCEI Int. Volcanol. Congress, Cape
Town, Abstracts, p. 29.
VOLGEO 2387 22-5-02
I.P. Skilling et al. / Journal of Volcanology and Geothermal Research 114 (2002) 1^17 15
Kano, K., 2002. Middle Miocene volcaniclastic dikes at Ku-
kedo, Shimane Peninsula, SW Japan: £uidization of volca-
niclastic beds by emplacement of synvolcanic andesitic dikes.
In: Skilling, I.P., White, J.D.L., McPhie, J. (Eds.), Peperite:
Processes and Products of Magma^Sediment Mingling.
J. Volcanol. Geotherm. Res. 114, 81^94.
Kie¡er, G., 1970. Le volcan pe¤pe¤ritique d’Hubel (Lembron,
Puy-de-Do“me). Rev. Sci. Nat. Auvergne 36, 3^23.
Klein, G.D., 1985. The control of depositional depth, tectonic
uplift and volcanism on sedimentation processes in the back-
arc basins of the western Paci¢c Ocean. J. Geol. 93, 1^25.
Kokelaar, B.P., 1982. Fluidization of wet sediments during the
emplacement and cooling of various igneous bodies. J. Geol.
Soc. London 139, 21^33.
Kokelaar, B.P., 1983. The mechanism of Surtseyan volcanism.
J. Geol. Soc. London 140, 939^944.
Kokelaar, B.P., 1986. Magma water interactions in subaqu-
eous and emergent basaltic volcanism. Bull. Volc. 48, 275^
289.
Kokelaar, B.P., Bevins, R.E., Roach, R.A., 1985. Submarine
silicic volcanism and associated sedimentary and tectonic
processes, Ramsey Island, SW Wales. J. Geol. Soc. London
142, 591^613.
Korsch, R.J., 1984. The structure of Shapeless Mountain, Ant-
arctica, and its relation to Jurassic igneous activity. N. Z. J.
Geol. Geophys. 27, 487^504.
Krynauw, J.R., Hunter, D.R., Wilson, A.H., 1988. Emplace-
ment of sills into wet sediments at Grunehogna, western
Dronning Maud Land, Antarctica. J. Geol. Soc. Lond.
145, 1019^1032.
Lacroix, A., Blondel, F., 1927. Sur l’existence dans le sud de
l’Annam d’une pe¤pe¤rite resultant de l’intrusion d’une basalte
dans un se¤diment a' diatome¤es. C. R. Acad. Sci. Paris 184,
1145^1148.
Leat, P.T., 1985. Interaction of a rheomorphic peralkaline ash-
£ow tu¡ and underlying deposits, Menengai Volcano, Ken-
ya. J. Volcanol. Geotherm. Res. 26, 131^145.
Leat, P.T., Thompson, R.N., 1988. Miocene hydrovolcanism
in NW Colorado, USA, fuelled by explosive mixing of basic
magma and wet unconsolidated sediment. Bull. Volcanol.
50, 229^243.
Lorenz, B.E., 1984. Mud^magma interactions in the Dunnage
Me¤lange, Newfoundland. In: Kokelaar, B.P., Howells, M.
(Eds.), Volcanic and Associated Sedimentary and Tectonic
Processes in Modern and Ancient Marginal Basins, Geol.
Soc. London. Spec. Publ. 16, pp. 271^277.
Lorenz, V., Bu«ttner, R., 2002. On the formation of deep-seated
subterranean peperite-like magma-sediments mixtures. In:
Skilling, I.P., White, J.D.L. McPhie, J. (Eds.), Peperite: pro-
cesses and products of magma^sediment mingling. J. Volca-
nol. Geotherm. Res. 114, 107^118.
Macdonald, G.A., 1939. An intrusive peperite at San Pedro
Hill, California. Calif. Univ. Publ. Dept. Geol. Sci. Bull. 24,
329^338.
Martin, U., White, J.D.L., 2002. Melting and mingling of
phonolitic pumice deposits with intruding dykes: an exam-
ple from the Otago Peninsula, New Zealand. In: Skilling,
I.P., White, J.D.L., McPhie, J. (Eds.), Peperite: Processes
and Products of Magma^Sediment Mingling. J. Volcanol.
Geotherm. Res. 114, 129^146.
McBirney, A.R., 1963. Factors governing the nature of sub-
marine volcanism. Bull. Volcanol. 26, 455^469.
McClintock, M.K., White, J.D.L., 2002. Granulation of weak
rock as a precursor to peperite formation: Coal peperite,
Coombs Hills, Antarctica. In: Skilling, I.P., White, J.D.L.,
McPhie, J. (Eds.), Peperite: Processes and Products of Mag-
ma^Sediment Mingling. J. Volcanol. Geotherm. Res. 114,
205^217.
McPhie, J., 1993. The Tennant Creek Porphyry revisited: a
synsedimentary sill with peperite margins, Early Proterozoic,
Northern Territory. Aust. J. Earth Sci. 40, 545^558.
McPhie, J., Doyle, M., Allen, R., 1993. Volcanic Textures.
Centre for Ore Deposit and Exploration Studies, Univ. Tas-
mania, Hobart, pp. 57^58.
McPhie, J., Hunns, S.R., 1995. Secondary welding of submar-
ine, pumice-lithic breccia at Mount Chalmers, Queensland,
Australia. Bull. Volcanol. 57, 170^178.
McPhie, J., Orth, K., 1999. Peperite, pumice and perlite in
submarine volcanic successions: implications for VHMS
mineralisation. Proceedings of Pacrim ’99, Bali, Indonesia,
pp. 643^648.
Michel-Levy, A., 1890. Situation stratigraphique de regions
volcaniques de l’Auvergne. La Chaine des Puys. Le Mont
Dore et ses glentours. Bull. Soc. Geol. Fr. 18, 688^814.
Moore, C.L., 1998. Peperite formation within deep-marine
ma¢c volcanic successions: Hokkaido, Japan. IAVCEI Int.
Volcanol. Congress, Cape Town, Abstracts, p. 42.
Morrissey, M., Zimanowski, B., Wohletz, K., Buetnner, R.,
1999. Phreatomagmatic fragmentation. In: Sigurdsson, H.,
Houghton, B., Rymer, H., Stix, J. (Eds.), Encyclopedia of
Volcanoes, Academic Press, San Diego, pp. 431^446.
Mueller, W.U., Garde, A.A., Stendal, H., 2000. Shallow-water,
eruption-fed ma¢c pyroclastic deposits along a Paleoproter-
ozoic coastline: Kangerluluk volcano-sedimentary sequence,
southeast Greenland. Precamb. Res. 101, 163^192.
Nichols, R.J., 1985. The liquifaction and remobilization of
sandy sediments. In: Hartley, A.H., Prosser, D.J., (Eds.),
Characterization of deep marine clastic systems. Geol. Soc.
London Spec. Publ. 94, 63^76.
Rawlings, D.J., 1993. Ma¢c peperite from the Gold Creek
Volcanics in the Middle Proterozoic McArthur Basin,
Northern Territory. Aust. J. Earth Sci. 40, 109^113.
Rawlings, D.J., Watkeys, M.K., Sweeney, R.J., 1999. Peperitic
upper margin of an invasive £ow, Karoo £ood basalt prov-
ince, northern Lebombo. S. Afr. J. Geol. 102, 377^383.
Riggs, N., Busby-Spera, C., 1990. Evolution of a multi-vent
volcanic complex within a subsiding arc graben depression:
Mount Wrightson Formation, Arizona. Geol. Soc. Am.
Bull. 102, 1114^1135.
Sakamoto, I., 1998. Morphological features and petrographi-
cal changes between hyaloclastite to peperite of Membo
rhyolite lava, observed around Senryoike inlet, Kozu-shima
Is., Japan. IAVCEI Int. Volcanol. Congress, Cape Town,
Abstracts, p. 51.
VOLGEO 2387 22-5-02
I.P. Skilling et al. / Journal of Volcanology and Geothermal Research 114 (2002) 1^1716
Sanders, I.S., Johnston, J.D., 1989. The Torridonian Stac
Fada Member: an extrusion of £uidised peperite? Trans.
R. Soc. Edinburgh Earth Sci. 80, 1^4.
Schmincke, H.U., 1967. Fused tu¡ and peperites in south-cen-
tral Washington. Geol. Soc. Am. Bull. 78, 319^330.
Scrope, G.P., 1827. Memoir on the Geology of Central
France; Including the Volcanic Formations of Auvergne,
the Velay and the Vivarais. Longman, Rees, Orme, Brown
and Green, London, pp. 79.
Scrope, G.P., 1858. The Geology and Extinct Volcanoes of
Central France. John Murray, London, pp. 258.
Skilling, I.P., 1998. Mechanisms of Globular Peperite Forma-
tion at Welgesien, Eastern Cape Province, South Africa.
IAVCEI Int. Volcanol. Congress, Cape Town, Abstracts,
p.56.
Smedes, H.W., 1956. Peperites as contact phenomena of sills in
the Elkhorn Mountains, Montana. Geol. Soc. Am. Bull. 67,
1783.
Snyder, G.L., Fraser, G.D., 1963. Pillow lavas I: Intrusive
layered lava pods and pillowed lavas, Unalaska Island, Alas-
ka. U.S. Geol. Surv. Prof. Paper 454-B, 1^23.
Squire, R.J., McPhie, J., 2002. Characteristics and origin of
peperite involving coarse-grained host sediment. In: Skilling,
I.P., White, J.D.L., McPhie, J. (Eds.), Peperite: Processes
and Products of Magma^Sediment Mingling. J. Volcanol.
Geotherm. Res. 114, 45^61.
Vazquez, J.A., Riggs, N.R., 1998. Origins of lava/wet sediment
mixtures: implications for volcanic vent processes. IAVCEI
Int. Volcanol. Congress, Cape Town, Abstracts, p. 65.
Vincent, P.M., 1974. Pre¤sence de Tufs Strati¢es aux Environs
de Clermont-Ferrand. 2e'me Re¤union Ann. Sci. Terre, Pont-
a'-Mousson, Soc. Ge¤ol. France, Paris, 287.
Walker, B.H., Francis, E.H., 1986. High-level emplacement of
an olivine^dolerite sill into Namurian sediments near Car-
denden, Fife. Trans. R. Soc. Edinburgh Earth Sci. 77, 295^
307.
White, J.D.L., 1990. Depositional architecture of a maar-pitted
playa, Hopi Buttes volcanic ¢eld, northeastern Arizona,
U.S.A.. Sed. Geol. 67, 55^84.
White, J.D.L., 1991. Maar-diatreme phreatomagmatism at
Hopi Buttes, Navajo Nation (Arizona), USA. Bull. Volca-
nol. 53, 239^258.
White, J.D.L., 1996. Impure coolants and interaction dynamics
of phreatomagmatic eruptions. J. Volcanol. Geotherm. Res.
74, 155^170.
White, J.D.L., Busby-Spera, C., 1987. Deep marine arc apron
deposits and syndepositional magmatism in the Alisitos
Group at Punta Cono, Baja California, Mexico. Sedimentol-
ogy 34, 911^927.
White, J.D.L., McPhie, J., Skilling, I.P., 2000. Peperite: a use-
ful genetic term. Bull. Volcanol. 62, 65^66.
Williams, H., 1929. Geology of the Marysville Buttes, Califor-
nia. Univ. Calif. Publ. Geol. Sci. 18, 103^120.
Williams, H., Curtis, G.H., 1977. The Sutter Buttes of Califor-
nia: A Study of Plio-Pleistocene Volcanism. Univ. Calif.
Publ. Geol. Sci. 116, 56 pp.
Wilshire, H.G., Hobbs, B.E., 1962. Structure, sedimentary in-
clusions, and hydrothermal alteration of a latite intrusion.
J. Geol. 70, 328^341.
Wohletz, K.H., 1983. Mechanisms of hydrovolcanic pyroclast
formation: grain size, scanning electron microscopy and
experimental results. J. Volcanol. Geotherm. Res. 17, 31^
63.
Wohletz, K.H., 2002. Water/magma interaction: some theory
and experiments on peperite formation. In: Skilling, I.P.,
White, J.D.L. McPhie, J. (Eds.), Peperite: Processes and
Products of Magma^Sediment Mingling. J. Volcanol. Geo-
therm. Res. 114, 19^35.
WoldeGabriel, G., Keating, G.N., Valentine, G., 1999. E¡ects
of shallow basaltic intrusion into pyroclastic deposits,
Grants Ridge, New Mexico, USA. J. Volcanol. Geotherm.
Res. 92, 389^411.
Yamamoto, T., Soya, T., Suto, S., Uto, K., Takada, A., Sa-
kaguchi, K., Ono, K., 1991. The 1989 submarine eruption of
eastern Izu Peninsula, Japan: ejecta and eruption mecha-
nisms. Bull. Volcanol. 53, 301^308.
Zimanowski, B., Bu«ttner, R., Lorenz, V., 1997. Premixing of
magma and water in MFCI experiments. Bull. Volcanol. 58,
491^495.
Zimanowski, B., Bu«ttner, R., 2002. Dynamic mingling of
magma and lique¢ed sediments. In: Skilling, I.P., White,
J.D.L., McPhie, J. (Eds.), Peperite: Processes and Products
of Magma^Sediment Mingling. J. Volcanol. Geotherm.
Res., 37^44.
VOLGEO 2387 22-5-02
I.P. Skilling et al. / Journal of Volcanology and Geothermal Research 114 (2002) 1^17 17
